Supported ) is a suitable counterion to immobilize chiral azabis(oxazoline)-copper complexes through electrostatic interactions (ion pair formation). Catalytic results are good to excellent in cyclopropanation reactions (up to 97% ee). Partial leaching during recycling when mono-exchanged species are present, favored by strong coordination of by-products, can be minimized by a proper solvent choice and by optimization of the recycling system, allowing the recovery and reuse of the catalyst at least six times without loss of activity and enantioselectivities in the range of 82-96% ee for trans cyclopropanes.
INTRODUCTION
The inherent practical advantages of heterogeneous over homogeneous catalysts have boosted the research about immobilization of chiral metal complexes to obtain heterogeneous catalysts for enantioselective processes [1, 2] . Non-covalent methods represent an interesting alternative to covalent immobilization [3] , given that in many cases the same homogeneous complex can be used for immobilization without any chemical modification, and hence the preparation of the supported catalyst is made much easier.
In immobilization methods based on electrostatic interactions, the support acts as a counterion for the chiral complex, forming a support-complex ion pair. It is well known the influence of the counterion on the reaction results in different enantioselective reactions. As an example, the stereochemistry of cyclopropanation is modified due to the pyramidalization of the transition states caused by the coordination of anions with strong coordinating ability [4] . For this reason the search of new solid counterions, to be used as supports for chiral catalysts, is an area of interest but unfortunately very few explored. In most of cases anions with a poor coordinating ability are needed, therefore coming from solids with a high acidity such as nafion-like solids [5] . However nafion itself has an extremely low surface area, whereas composites are expensive and, in general, display a very low functionalization.
In order to broaden the range of applicability of electrostatically immobilized chiral catalysts, it is important to test other solids with superacidic properties as supports. One example are the Keggin type heteropolyacids [6] , that can be immobilized into several supports, silica for instance, acting as acid catalysts in several organic
In the case of S R , S R2 , and A, immobilization was carried out by the pore filling impregnation method [33] . In a typical preparation the support (1 g) was immersed into a solution of PW (1.1 ml, 0.19 g PW/ml) in EtOH/H 2 O = 1:1 v/v, at room temperature for 72 h. After this time, the solid was dried at rt for 24 h, and calcined at 200º C for 3 h.
The calcined solid was stirred in dichloromethane (10 ml) for 24 h, separated by filtration and this process was repeated twice. Finally the solid was again calcined at 200ºC for 3 h.
In the case of S G , immobilization was carried out by the equilibrium impregnation method [34] . In a typical preparation silica S G (1 g) was immersed into a solution of PW (4 ml, 0.12 g PW/ml) in EtOH/H 2 O = 1:1 v/v, under constant stirring at room temperature for 72 h. After this time the solid was separated from the solution by centrifugation, dried for 24h at room temperature, and calcined at 200º C for 3 h. The calcined solid was stirred in dichloromethane (10 ml) for 24 h, separated by filtration and this process was repeated twice. Finally the solid was dried and calcined as before washing.
The immobilized heteropolyacid (PW-S R /S R2 /S G /A, 1 g) was neutralized by stirring in a solution of triethylamine (0.05 ml, 0.34 meq) in dichloromethane (5 ml).
Then the solid (PWn-S R /S R2 /S G /A) was separated by filtration, thoroughly washed with dichloromethane and dried under vacuum.
Preparation of the immobilized catalyst
The chiral ligand (0.02 mmol) and Cu(OTf) 2 (7.3 mg, 0.02 mmol) were dissolved in the minimum amount of anhydrous dichloromethane under an argon atmosphere. The solution was stirred for 15 min and filtered through a PTFE microfilter and the solvent was removed under an argon flow. The complex was redissolved in nitroethane (5 ml, pretreated with Na 2 CO 3 and distilled to eliminate all the acid traces) and the required amount of support (PWn, PWn-S R , PWn-S R2 ,PWn-S G , PWn-A) was added. The suspension was stirred under argon for 24 h at rt. The solid was separated by filtration, thoroughly washed with nitroethane and dichloromethane, and dried under vacuum.
Characterization of supports and catalysts
Elemental analysis was performed in a Perkin-Elmer 2400 elemental analyzer. 
Typical cyclopropanation reaction
Ethyl diazoacetate (5 mmol) was slowly added (2 h) with a syringe pump over a stirred solution or suspension formed by styrene (5 mmol), n-decane (100 mg, internal standard) and catalyst (see Tables 1-3 In the case of heterogeneous catalysts, the solid was recovered by different procedures:
-method A: filtration, washing twice with 5 ml of dichloromethane, drying, and reuse under the same conditions, after drying under vacuum.
-method B: centrifugation, washing twice with 5 ml of with hexane, and solid reuse under the same conditions after drying under vacuum (B1) or without drying (B2).
-method C: solvent evaporation, suspension in hexane (3 ml), centrifugation, washing twice with 3 ml of hexane, drying, and reuse under the same conditions.
RESULTS AND DISCUSSION

Preparation and characterization of catalysts
Azabis(oxazolines) are structural analogues of bis(oxazolines) and have shown excellent behaviour as chiral ligands in different asymmetric reactions in homogeneous phase [35, 36] . Furthermore, they lead to stronger complexes, which is advantageous from the point of view of electrostatic immobilization [37] . Two azabox ligands with different substituents (Aza i Pr, Aza t Bu) have been used in this work ( Fig. 1 ).
H 3 PW 12 O 40 (PW) was used for immobilization due to its higher acidity in comparison with related heteropolyacids [9] , which should confer to the anion a lower coordinating character. In addition, it has been the most used heteropolyacid to immobilize chiral Rh complexes [11, 13] . PW was supported on Ralt-Chemie (S R ) silica, as well as Alfa Aesar alumina (A), by using the pore filling impregnation method followed by drying and calcination, in a typical process to obtain supported acid catalysts [33] . In the case of Grace-Davison silica, PW was supported by the equilibrium impregnation method [34] . In this regard this methodology is different from that used to immobilize other chiral complexes [11] [12] [13] [14] [15] [16] [17] [18] [19] , because in those cases PW was supported by the diffusive impregnation method [38] , without separation and calcination of the supported PW. This may be the reason why the silica was not a suitable support in those cases, as a very low linkage between PW and the support takes place. Due to the sensitivity of oxazoline-containing ligands to acid-catalyzed hydrolysis, supported and unsupported PW was neutralized (PWn) by stirring in a solution of triethylamine (Et 3 N) in dichloromethane prior to exchange with copper complexes. This step was not necessary in the case of Rh-diphosphine complexes and their analogues [11] [12] [13] [14] [15] [16] [17] [18] , that were immobilized without separation of the supported PW.
Our method is also different from that used by Telalovic and Hanefeld [19] , because in that case supported PW was not neutralized, copper was first immobilized and then it was complexed with the bis(oxazoline) ligand.
The supported and unsupported PWn was characterized by chemical analysis (Table 1) , FT-IR and CP-MAS-NMR. As can be observed from the IR spectra ( Fig. 2) the treatment of PW with Et 3 N produces clear changes. Firstly, the characteristic band at [39, 40] . So, the observed features are compatible with a partial transformation of the primary structure of PW into new species, as the lacunary anion.
On the other hand, the 31 P-CP-MAS-NMR spectrum of PW (Fig. 3) showed the presence of a sharp signal at −15. Finally, the spectrum of the neutralized supported PW presents an important band at −10.1 ppm [40] , probably due to the presence of the lacunary species detected by IR.
The relative intensity of that broad band with respect to that of PW is highly dependent on the hydration level of the sample, indicating the efficiency of the cross polarization by the closer proximity of water molecules, in agreement with the lacunary character of those species. Moreover the 13 C-CP-MAS-NMR spectrum shows the expected signals at 48.2 and 9.2 ppm, corresponding to the triethylammonium cation. The W content (64.5%) is slightly lower than the theoretical value of the expected anhydrous species (Et 3 N) 3 PW 12 O 40 (69.3%), and it may be due to partial hydration and the formation of the spectroscopically detected lacunary species.
Insert Figure 2 Insert Figure 3 Cation exchange was carried out in nitroethane in order to prevent leaching of PW in methanol, which is the most commonly used solvent with other supports [41] .
The required amount of support (PWn, PWn-S R , PWn-S G , PWn-A) was stirred with a solution of the complex in nitroethane under argon for 24 h at rt. The solid was separated by filtration, thoroughly washed with nitroethane, and dried under vacuum.
The catalysts were analyzed (Table 1) and/or a contribution of complex adsorption on silica surface. In fact S R support is able to adsorb 0.17 mmol of complex/g (entry 6) and it cannot be discarded the presence of a small amount of complex directly adsorbed on the bare silica or alumina surfaces in all the solids.
Insert Table 1 As above-mentioned, the presence of sulphur coming from triflate was detected by XPS. Values of S/Cu molar ratio ranging between 0.8 and 1.1 were obtained for all the solids exceeding the theoretical Cu/W molar ratio. On the contrary sulphur was not detected in Aza i Pr-Cu-PWn and Aza t Bu-Cu-PWn-A, the two catalysts with Cu/W ratio far below the theoretical amount. These results points to the existence of monoexchanged species, as proposed in Fig. 4 .
The intact structure of the copper complexes was also confirmed by IR spectroscopy (Fig. 5) . The presence of all the bands in the skeletal range of the spectrum, mainly the imine bands at 1652 and 1678 cm −1 , and the difference from the spectrum of the free ligand (1636 cm −1 ), are in agreement with the presence of the ligand forming a copper complex.
Insert Figure 5 Regarding the structure of the supported heteropolyanion, the spectrum is significantly modified after exchange of the copper complex (Fig. 6) Insert Figure 6 
Cyclopropanation reactions
The catalysts were tested in the benchmark reaction between styrene and ethyl diazoacetate ( Fig. 7) and the results, compared with those obtained with other homogeneous and immobilized catalysts, are gathered in Table 2 .
Insert Figure 7 Insert Table 2 In a first set of experiments the immobilized catalysts were tested in dichloromethane, recovered by filtration and washing with the same solvent (method A), and reused under the same conditions. The results are presented in 24) is the lowest among the tested supports, probably due to the strong interaction of PWn with alumina, and to the tungstophosphate anion is transformed into another species [40] .
Recovery and reuse were tested in most of the catalysts. In all cases a significant drop in activity and enantioselectivity is observed from the second run, or the third at most, when a larger amount of catalyst is used (entry 20).This drop in activity has as a result the lack of total conversion of ethyl diazoacetate observed with the fresh catalysts.
This effect is not due to leaching of active copper, as mentioned above, but probably to a deactivation of the complex due to adsorption of by-products obtained from the competitive dimerization and/or polymerization of ethyl diazoacetate to diethyl fumarate, diethyl maleate and poly(ethyl 2-ylidene acetate) [44] . These products are easily detectable in the used catalysts by IR due to the presence of the prominent C=O band and they contribute to the increase in C content of the used catalysts. This increase makes it difficult to directly compare the copper content in the used and the fresh catalysts. As the W/Si ratio is kept constant, the leaching of the whole PW species from the support can be discarded, in agreement with the low solubility of PW in low polarity solvents, such as the reaction medium [34] . However, the drop in the Cu/W ratio in the catalysts used once, in agreement with a copper leaching in the range of 15-40%, and the absence of sulphur in them, point to a loss of mono-exchanged species in the Cu(II)-Cu(I) reduction process previous to the catalytic reaction (Fig. 4) . In some experiments Aza t Bu-Cu 0.5 -PWn-S R was treated with ethyl diazoacetate in dichloromethane to reduce Cu(II), and the solid was filtered. The activity of the solution gave only 2% yield with trans/cis = 80:20 and lower enantioselectivity (77% e.e. trans), whereas the solid preserved more than 95% of the activity observed in a normal reaction, in spite of the loss of copper, demonstrating the absence of significant leaching of active species. After the first reuse, the Cu/W ratio is kept stable and further deactivation is due to poisoning.
This effect has been observed in several cases, and the copper loss is higher when the Cu/W ratio of the catalyst is higher, in agreement with the hypothesis of monoexchanged species (Fig. 4) . On the other hand this copper loss is not observed with catalysts having a Cu/W ratio below the maximum theoretical cation exchange capacity, in which the presence of sulphur is not detected.
In a second set of experiments, the most promising catalysts were tested in the same reaction but with a large excess of styrene, in the absence of any additional solvent. The comparison with the results in dichloromethane is shown in Table 3 . As can be observed, the results are much better in styrene, mainly regarding reuse. Now the solid with larger particle size (S R2 ) showed a better performance, with similar yield and selectivities in four consecutive runs. The recoverability of the catalyst is much better in styrene, probably due to the higher chemoselectivity of the reaction, mainly in the case of S R2 support. This recoverability drastically increases the productivity of the catalyst.
In fact using the homogeneous complex 85 mol of cyclopropanes per mol of Cu are obtained, with 93% e.e. (trans), whereas the heterogeneous catalyst is able to reach 406 mol of cyclopropanes per mol of Cu, with a cumulative 91.7% e.e. (trans). An additional detrimental factor for recovery is the attrition of the catalyst particles, leading to a mass loss during the filtration, which reduces the effective amount of catalyst in the consecutive runs, with the consequent negative effect on the catalytic activity. In view of that, a study of different recovery processes was performed.
Insert Table 3 Trying to prevent the mass loss by filtration, catalyst and solution were separated by centrifugation, and the catalyst was washed with hexane instead of dichloromethane (method B). As can be seen in Table 4 , this method is especially suitable for reactions (direct centrifugation) was applied instead of method C (evaporation prior centrifugation).
Insert Table 4 The use of supported heteropolyacids as supports for chiral catalysts requires the combination of a suitable preparation methods of the chiral heterogeneous catalyst Centrifugation and exclusion of dichloromethane in the separation process are key points allowing up to six consecutive runs with stable activity, reaching productivities higher than 400 mol/mol Cu, and enantioselectivity in the range of 82-96% ee for the trans cyclopropane. a Recovery by method A (see experimental section for details). b Total conversion of ethyl diazoacetate is observed with freshly prepared catalysts. Determined by gas chromatography; 1R cyclopropanes are the major products.
c Reference [43] . Results obtained with methyl diazoacetate, using phenylhydrazine as reductant.
d Reference [37] . 
